Abstract. The objective of the present study was to investigate the effect of addition of ghrelin to in vitro culture medium on preimplantation development of porcine in vitro fertilized and parthenogenetic embryos. In Experiment 1, we sought to compare the in vitro developmental competence of IVF and parthenogenetic embryos. No significant (P<0.05) differences were detected for cleavage rate or blastocyst rate between the in vitro fertilization (IVF)-and parthenogenetic activation-derived embryos. In Experiment 2, parthenogenetic embryos were cultured in Porcine Zygote Medium-3 containing various concentrations of ghrelin. The blastocyst rate was remakably (P<0.05) increased when 5 ng/ml (PA-5) and 500 ng/ml (PA-500) of ghrelin was added to in vitro culture medium compared with the other groups. Total cell number per blastocyst was slightly promoted in the ghrelin treatment groups compared with the controls. However, the ratio of inner cell mass (ICM) cell number/total cell number was significantly reduced in the PA-50 group compared with the controls (P<0.05). In Experiment 3, we cultured in vitro fertilized embryos in Porcine Zygote Medium-3 supplemented with ghrelin at different dosages. The rate of blasotcyst formation was markedly (P<0.05) elevated when 500 ng/ml ghrelin was added to culture medium (IVF-500) compared with the controls. Increased total cell numbers (P<0.05) were observed when in vitro fertilized embryos were cultured in IVF-50 and IVF-500 compared with the controls. However, the ratio of ICM cell number/total cell number was decreased in the ghrelin treatment groups compared with the controls (P<0.05). Taken together, the results suggest that ghrelin can enhance blastocyst formation of porcine in vitro fertilized and parthenogenetic embryos while exerting a negative effect on the structural integrity of the blastocysts. Key words: Embryo culture, Ghrelin, In vitro fertilization (IVF), Parthenogenetic, Pig (J. Reprod. Dev. 53: [647][648][649][650][651][652][653] 2007) he hormone ghrelin is a 28-amino acid-residue p e p t i d e w i t h a n e s s e n t i a l n -o c t a n o y l modification at the ser 3 residue [1] that is secreted predominantly by the stomach. Substantially lower amounts are distributed in the kidneys, pancreas, bowel, placenta, pituitary, testes, hypothalamus and lung [2, 3] . The structure of ghrelin is highly conserved among humans, rodents and pigs, with changes in only three residues [2, 4] . Apart from its p o t e n t g r o w t h h o r m o n e ( G H ) -r e l e a s i n g competence, ghrelin promotes appetite and a positive energy balance and elicits the production of prolactin (PRL) and adrenocorticotropic hormone (ACTH) by acting through the growth hormone secretagogue receptor (GHS-R), a typical
G-protein-coupled receptor (GPCR) with seven transmembrane domains [5] [6] [7] [8] [9] . Thus, ghrelin is a multifaceted peptide that plays important roles in maintaining GH release, food intake and energy balance in vertebrates.
In light of its proposed role as an indicator of energy insufficiency or fasting and the proven reproductive influence of other mediators of energy balance and growth (such as the case of hormone leptin) [10] , it is reasonable to hypothesize that g h r e l i n m a y p l a y a r o l e i n r e g u l a t i o n o f reproductive systems. The level of plasma ghrelin reportedly increases under malnutritional states [9] . Moreover, it is well known that ghrelin inhibits proliferation of breast cancer cells [2] . It is also c o n s i s t e n t t h a t g h r e l i n h a s r e c e n t l y b e e n demonstrated to inhibit development of mouse early embryos in vitro [11] . Therefore, ghrelin might play a negative role in preimplantation development of embryos in other mammals. However, to our knowledge, no studies have been done concerning the effect of ghrelin on early development of embryos in mammals except in the mouse [11] . Thus we sought to determine its role in relation to porcine embryos.
The goals of this study were to investigate the effects of ghrelin on preimplantation development of in v it r o f e r t i li z a t i o n (I V F )-d e r i v e d a n d parthenogenetic embryos in pigs and to compare the development ability of IVF and parthenogenetic (PA) embryos in vitro.
Materials and methods

Chemicals
Unless otherwise stated, all chemicals used in the present study were procured from Sigma-Aldrich Chemical (St. Louis, MO, USA).
Culture media
The basic media used were bovine serum a l b u m i n ( B S A ) -f r e e N o r t h C a r o l i n a S t a t e University medium (NCSU-23) and Porcine Zygote Medium-3 (PZM3) [12] . The in vitro maturation medium for oocytes was BSA-free NCSU-23 supplemented with 10 IU/ml equine chorionic gonadotropin (eCG),10 IU/ml human chorionic gonadotropin (hCG), 0.57 mM cysteine, 10 ng/ml leptin, 10 ng/ml epidermal growth factor (EGF) and 10% porcine follicular fluid (pFF). The pFF was aspirated from antral follicles 5-8 mm in diameter that were obtained from slaughterhouse-derived ovaries. After centrifugation at 1,600 g for 30 min at 4 C, supernatants were collected and filtered through 0.45 µm syringe filters. The prepared pFF was stored in aliquots at -20 C until use. The basic medium used for IVF was essentially the same as described by a previous study [13] . This IVF medium, defined as modified tris-buffered medium (mTBM), comprises 113.1 mM NaCl, 3.0 mM KCl, 7.5 mM CaCl2, 20 mM Tris (free base, Fisher Scientific, Fairlawn, NJ, USA), 11 mM glucose and 5 mM sodium pyruvate. PZM3 medium with or without ghrelin supplementation was used for embryo culture.
Collection and in vitro maturation of oocytes
Prepubertal gilt ovaries were collected at a local abbatoir and transported to the laboratory in physiological saline supplemented with antibiotics at 30-35 C within 2-3 h [14] . Cumulus-oocyte complexes (COCs) were aspirated from antral follicles 3-6 mm in diameter using Dulbecco's phosphate buffered saline (DPBS) supplemented with 1 mg/ml polyvinyl alcohol (PVA) with a 18-gauge needle connected to a 10 ml disposable syringe. Oocytes surrounded by at least 3 layers of compacted cumulus cells and with uniform cytoplasm were chosen after being washed in maturation media three times. Groups of 50-80
COCs were transferred to 500 µl maturation media covered by 500 µl mineral oil in a 4-well multidish (Nunc, Roskilde, Denmark). The maturation media were buffered in an incubator at least 3 h before in vitro maturation (IVM). The oocytes were then cultured for 44 h at 39 C and 100% humidity under 5% CO2 in air.
IVF
Fresh semen diluted to concentration 3 × 10 7 sperm/ml was kept at 16-21 C and used within 3 days of collection [15] . The semen was washed t h r e e t i m e s b y c e n t r i f u g a t i o n w i t h D P B S supplemented with 0.1% BSA, 75 µg/ml penicillin G and 50 µg/ml streptomycin at 350 g for 4 min.
After removing the supernatant, spermatozoa pellets were resuspended with mTBM and diluted to 1-1.5 × 10 6 sperm/ml. At the end of maturation, COCs were transferred to 1 mg/ml hyaluronidase in DPBS and oocytes were mechanically removed from the cumulus cells. Groups of 15-20 denuded oocytes were washed three times in mTBM containing 2.5 mM caffeine and 2 mg/ml BSA (fraction V) and then transferred to 50 µl mTBM covered with paraffin oil. Five microliters of diluted spermatozoa was added to 50 µl of fertilization medium containing oocytes to give a final sperm concentration of 1-1.5 × 10 5 sperm/ml. The oocytes were coincubated with sperm for 5.5-6.0 h at 39 C in an atmosphere of 5% CO 2 in air.
Parthenogenetic activation
Denuded oocytes were washed three times followed by balancing in fusion medium for 2-3 min [14] . Groups of 20-30 oocytes were then placed in a fusion chamber that was filled with activation medium. A single, 100 µs, direct current pulse of 1.4 kv/cm was then applied using a CUY-21 Square Wave Electroporator (Nepa, Tokyo, Japan) to induce oocyte activation. The activation medium was 0.25 M mannitol, 0.1 mM CaCl2, 0.1 mM MgCl 2 , 0.5 mM HEPES and 0.01% PVA.
Embryo culture in vitro
The presumptive zygotes and parthenogenetic embryos were washed three times with PZM3 medium. Groups of 10-15 randomly selected embryos were cultured in 30 µl drops of PZM3 medium supplemented with or without ghrelin (Ghrelin, human G3902, Sigma; 0, 0.5, 5, 50 and 500 ng/ml) at 39 C under 5% CO 2 , 5% O 2 , and 100% humidity. The cleavage rates of the PA and IVF embryos were assessed on Day 2. Percentage of blastocyst formation and total cell number in the blastocyst or ratio of inner cell mass (ICM) cell number/total cell number were evaluated on Day 6 (the onset of embryo culture was considered Day 0). The harvested PA blastocysts were stained with 10 µg/ml Hoechst 33342, mounted onto a glass s l i d e , a n d e x a m i n e d u n d e r a f l u o r e s c e n t microscope (BX51; Olympus, Tokyo, Japan) to count the nuclei in the blastocysts. Day 6 IVF blastocysts were used to perform differential staining as described below.
Differential staining
Differential staining of the trophectoderm (TE) and ICM cells of blastocysts was conducted as described by Machaty et al. [16] . Briefly, the zonae pellucidae of the blastocysts were removed within 1 min of culture in 0.5% pronase solution. After washing in DPBS medium supplemented with 1 mg/ml PVA, the zona pellucida-free blastocysts were exposed to a 1:5 dilution of rabbit anti-pig whole serum for 50-60 min. They were then washed three times for 5 min in DPBS and tranferred into a 1:10 dilution of guinea pig complement containing 10 µg/ml propidium iodide and 10 µg/ml bisbenzimide for 50-60 min.
After washing in DPBS at least 4 times, the stained blastocysts were mounted onto slides under coverslips and observed under UV light with an epifluorescent microscope (BX51; Olympus). Cells stained blue and pink were considered to be ICM and TE cells, respectively.
Experimental design
In experiment 1, we sought to compare the in vitro developmental competence of IVF and parthenogenetic embryos. Oocytes were selected at random for PA and for IVF after stripping away their cumulus cells. Both were cultured in PZM3 without ghrelin. Cleavage rate was assessed at Day 2, and the blastocyst rate was determined at Day 6.
In experiment 2, the effects of ghrelin on preimplantation development of parthenogenetic embryos were evaluated. After PA, the embryos were randomly cultured in PZM3 with ghrelin at concentrations of 0 (control), 0.5 (PA-0.5), 5 (PA-5), 50 (PA-50) and 500 ng/ml (PA-500). The rates of cleavage and blastocyst formation were determined on Day 2 and Day 6. Blastocysts harvested on Day 6 were used for differential staining.
In experiment 3, the role of ghrelin in relation to early development of IVF embryos was assessed. Presumptive zygotes were randomly chose and cultured in PZM3 with ghrelin at concentrations of 0 (control), 0.5 (IVF-0.5), 5 (IVF-5), 50 (IVF-50) and 500 ng/ml (IVF-500). The rates of cleavage and blastocyst formation were determined on Day 2 and Day 6. Blastocysts harvested on Day 6 were used for differential staining.
Statistical analysis
At least three replicates were conducted for each experiment. All percentage data and total cell numbers were subjected to one-way ANOVA with SPSS (version 13.0 for Windows). The least significant difference (LSD) test was applied for post hoc multiple comparison between treatment groups. Developmental rates of the embryos for comparison of IVF and parthenogenetic embryos were analyzed by Student's t-test. All data were expressed as means ± SEM. Differences among treatment groups were considered significant at P<0.05.
Results
Comparison of in vitro developmental competence of IVF and parthenogenetic embryos
The in vitro developmental rates of the IVF and parthenogenetic embryos to the blastocyst stage are shown in Table 1 . No significant differences were observed in developmental rate to the blastocyst stage and total cell number (data not shown) per blastocyst between the IVF and parthenogenetic embryos (P<0.05). The blastocyst formation rates of the IVF and parthenogenetic embryos ranged from 3.7 to 23.7% and 10.0 to 20.0%, respectively. The total cell number per blastocyst of the IVF embryos (ranging from 21 to 70) was slightly decreased compared with the parthenogenetic embryos (ranging from 25 to 65).
Effect of supplementation of IVC medium with ghrelin on the preimplantation developmental competence of parthenogenetic embryos in pigs
As seen in Table 2 , the blastocyst rate was significantly increased in the PA-5 and PA-500 groups compared with the controls (P<0.05).
As shown in Table 3 , a slight increase was observed in total cell number per blastocyst in the PA-5, PA-50 and PA-500 groups compared with the controls (P<0.05). The ranges for total cell number per blastocyst in the control, PA-5, PA-50 and PA-500 groups were 22-69, 24-100, 22-83 and 31-100, respectively. The ratio of ICM to total cell number per blastocyst was significantly decreased in the PA-50 group compared with the controls (P<0.05).
Effect of supplementation of IVC medium with ghrelin on the preimplantation developmental competence of IVF embryos in pigs
As shown in Table 4 , the rate of blastocyst formation of the IVF embryos was strikingly i n c r e a s e d w h e n t h e I V C m e d i u m w a s supplemented with 500 ng/ml ghrelin compared to the controls (P<0.05).
As seen in Table 5 , more total cell numbers per blastocyst were greater in the IVF-50 and IVF-500 groups than in the controls (P<0.05). Decreased numbers of ICM cells were found in IVF-5, IVF-50, and IVF-500 groups (P<0.05) compared with IVF-0.5 and the controls (P<0.05). The maximal proportion of ICM to total cells was achieved in the 
Discussions
In the present study, we demonstrated that supplementation of the in vitro culture (IVC) basic medium PZM3 with ghrelin promoted the blastocyst yield of IVF and parthenogenetic e m b r y o s i n a d o s a g e -d e p e n d e n t m a n n e r . However, ghrelin may exert different effects on ICM and trophectoderm (TE) cells. Moreover, we c o n f i r m e d i n o u r c u l t u r e s y s t e m t h a t t h e developmental ability of parthenogenetic embryos was comparable to IVF embryos.
In order to investigate the role of ghrelin in relation to porcine IVF and parthenogenetic embryos, ghrelin was added to the culture media and the in vitro developmental competence of the IVF-and PA-derived embryos was monitored. At a concentration of 500 ng/ml, ghrelin remarkably improved the rate of blastocyst formation of the IVF embryos, whereas no significant difference in cle avage rate was obse rved in the groups supplemented with different concentrations of ghrelin. Ghrelin significantly improved the blastocyst rate of parthenogenetic embryos at Values with different superscripts in the same column are significantly different (P<0.05). concentrations 5 and 500 ng/ml, but no prominent difference was found in the cleavage rate. We also found that more embryos developed to the morula stage and less embryos died early at the 2-4-cell stage in the ghrelin treatment groups than in the control groups for both Experiment 2 and 3 (data not shown). Few studies have reported the effects of ghrelin on preimplantation embryos in mammals. However, in mice, ghrelin has an inhibitory role in preimplantation development of embryos in vitro [11] . It is well recognized that the ghrelin level in uterine fluid is strikingly elevated during fasting in mice [11] . Thus, on the basis of previous research, it is tempting to hypothesize that g h r e l i n m i g h t a c t a s a s i g n a l f o r e n e r g y i n s u f f i c i e n c y a n d i n h i b i t e a r l y e m b r y o development in order to avoid excessive energy use. Contrary to our prediction, the results suggest a beneficial role for ghrelin in preimplantation development of porcine embryos in vitro. The reason for this inconsistency may lie in a species difference or a difference in the culture conditions used. Moreover, hormones leptin and ghrelin are a pair of peripheral factors involved in the regulation of food intake and energy balance [10] . Previous reports have documented a controvertial effect of leptin on early development of murine embryos [11, [17] [18] [19] . Thus, the potential reproductive functions of ghrelin require further study and some important clues may be obtained from study of leptin. To our knowledge, this is the first report to demonstrate ghrelin's beneficial effect on early development of embryos in mammals. Given the fact that the efficiency of IVF is still low in pigs [20] [21] [22] , supplementation of IVC medium with ghrelin may supply an alternative method of improving in vitro development of IVF embryos. It is well acknowledged that total cell number and the proportion of ICM to total cell number of blastocysts are vital indicators of the viability of embryos obtained in vitro [23, 24] . Embryos with total cell numbers and ratios of ICM/total cell number that are closer to those of in vivo derived blastocyst are more viable. In this study, despite the fact that the mean total cell numbers of the IVF and parthenogenetic embryos were lower than that of in vivo derived embryos, ghrelin increased the total cell numbers of the IVF and parthenogenetic embryos. In contrast with our results, Kawamura et al. [11] reported that ghrelin decreases the total cell numbers of murine blastocysts cultured in vitro [11] . Similar to the difference in effect on blastocyst rate, this discrepancy might originate from specific differences between species or different culture conditions. However, the ratio of ICM cell number/total cell number was significantly (P<0.05) decreased when embryos were cultured in IVF-5, IVF-50 and IVF-500 groups in comparison with the controls (P<0.05). A similar decrease was found in the parthenogenetic embryos at a concentration of 50 ng/ml of ghrelin. TE cells are necessary for embryo implantation and subsequent formation of the extraembryonic mebmbranes and placenta. ICM cells form all three germ layers, the tissues of the embryo, and partial extraembryonic membranes. The reduction in the ratio of ICM/ total cell number, which is similar to the results of Kawamura et al. [11] , may suggest that ghrelin exerts inhibitory effects on ICM cells that negatively affect embryo viability. In addition, it is well known that the appropriate ratio of ICM/total cell number of in vivo porcine blastocyst is between 20-40% [25] . However, the ghrelin treatment in the present study caused the ratio to decrease generally below 20%, which broke the balance of structural integrity. Thus, the results suggest a dual role for ghrelin in relation to the on embryo substructures of pigs: improving TE cell numbers while inhibiting ICM cell numbers.
In conclusion, the present study demonstrated that ghrelin may promote porcine blastocyst formation in vitro and decrease the ratio of ICM cells to total cell number.
